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Abstract 
One important parameter for modelling emitter recombination is the surface recombination velocity (SRV), which 
strongly depends on the surface doping concentration and the applied surface passivation. However, for highly 
phosphorus-doped surfaces with concentrations in excess of 2º1020 cm-3, where not all of the dopant is electrically 
activated, data is hardly available in the literature. Moreover, the bulk carrier lifetime in such supersaturated near 
surface regions is unknown. We use an analytical model to describe silicon-nitride-passivated phosphorus-diffused 
emitters. The model shows excellent agreement with a recently presented numerical solver, deviating less than 1 %. 
In both cases we apply a Fermi-Dirac statistics correction and account for band gap narrowing to calculate the 
intrinsic carrier density. Our results from measurements of the emitter dark saturation current density indicate that 
either the SRV or the local carrier lifetime in the supersaturated region are strongly affected by the doping 
concentration, even if it exceeds the dopant activation limit by far. Assuming only Auger recombination in the 
supersaturated region, we derive an upper limit for the SRV that depends on the chemical phosphorus surface 
concentration. 
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1. Analytical modelling of emitter recombination 
The modelling of highly doped regions is a complicated task, since the solution of the coupled 
transport and continuity equations strongly depends on material parameters which vary over several 
orders of magnitude in the devices of interest. There exist several programs like the new freeware 
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simulation tool EDNA [1], which solve this problem numerically. To obtain more flexibility and speed, 
we use the analytical 3rd order approximation from Cuevas et al. [2] to model the emitter under non-
illuminated conditions. To compare the results of our analytical model with the numerical approach, we 
calculate the emitter dark saturation current density J0e for two different doping profiles, applying the 
same physical models for minority carrier mobility [3, 4], Auger and radiative recombination [5], constant 
high Shockley-Read-Hall (SRH) carrier lifetime of τSRH = 1 ms in the bulk of the emitter and equilibrium 
minority hole concentration. For the latter the use of Fermi-Dirac (FD) statistics is required due to the 
high doping concentrations. Moreover, band gap narrowing (BGN) has to be considered. We apply FD 
statistics and the full random-phase approximation BGN model of Schenk [6] and take care to be 
consistent with the accepted intrinsic carrier density of ni = 9.65º109 cm-3 at T = 300 K [7] for undoped 
silicon (Appendix A). The results (Table 1) show very good agreement for both, the analytical 
approximation and the numerical solver EDNA [1], where the advantage of the analytical solution lies in 
its flexibility and speed. 
Table 1. Analytically (this work, based on the approximation from Cuevas [2]) and numerically (EDNA [1]) evaluated dark saturation 
current densities J0e at T = 300 K for a Gaussian profile and an electron concentration profile obtained from SIMS data (Fig 1). The p-
type base doping is NA = 1.5º1016 cm-3. 
Input Parameters Results for J0e (fA/cm2)
Profile 
 
 
Electron surface 
concentration 
(cm-3) 
Sheet 
resistance 
(Ω/sq.) 
Junction 
depth 
(μm) 
Assumed 
SRV  
(cm/s) 
Analytical 
(this work) 
 
Numerical 
(EDNA) 
from dark IV  
Gaussian 1º1020 17 1.5 1º105 134.7 134.1 
Measured 2.38º1020 110 0.29 7º105 119.6 118.4 
2. Recombination at highly phosphorus-doped surface regions 
The SRV of passivated emitters strongly depends on the surface concentration and surface passivation 
technology [8]. Industrial emitters exhibit high surface concentrations and high amounts of electrically 
inactive and undissolved dopant; however adequate data for the SRV at high surface concentrations and 
for bulk recombination in the supersaturated region (Fig 1) is hardly available. In this work, we first 
extract an upper limit for the SRV from measurements of J0e using our analytical model by assuming only 
Auger and radiative recombination in the emitter bulk. We then compare our results to some assumptions 
for the bulk recombination in the supersaturated region. 
2.1. Experiment 
The starting material consists of boron-doped shiny etched float zone wafers with a specific resistivity 
of 1 ȍcm (see Fig 2). A tube furnace POCl3-diffusion at 800 °C forms the emitter with an initial sheet 
resistance of Rsheet = 110 ȍ/sq. After removal of the phosphosilicate glass, well controlled wet chemical 
etching removes between 0 and 36 nm of silicon from the surface yielding samples with surface 
concentrations between 1.3º1021 and 4.8º1019 cm-3. On selected samples the doping profile is acquired by 
SIMS measurements. The thickness of the removed surface layer is evaluated from the comparison of 
doping profiles and sheet resistance measurements. Subsequently a SiNx anti reflection layer is deposited 
on both sides by plasma enhanced chemical vapour deposition and the samples are exposed to a contact 
firing step in a conveyor belt furnace to facilitate hydrogen passivation. Then J0e is extracted from QSSPC 
lifetime measurements in low-level injection [9] applying the same material parameters as in Section 1.  
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With the attained thickness of the removed silicon layer, the surface doping concentration is extracted 
from the emitter doping profile. Near the surface of all samples a measurement artefact occurs for which 
we correct by exponential extrapolating the first 5 nm of the doping profile of the not etched back emitter 
(see Fig 1). We then calculate the electron concentration profile from the doping profile (see Fig 1), 
assuming full dopant ionisation below the activation limit nactive [10], neglecting shifts between the carrier 
and the dopant profiles. For the activation limit we apply a temperature of 800 °C, since both, the emitter 
formation and the fast firing step take place at this temperature. The attained value of 
nactive = 2.38º1020 cm-3 agrees well with our sheet resistance measurements applying the carrier mobility 
model from Ref. [3, 4].  
2.2. Analysis of SRV and bulk recombination 
Recombination in industrial emitters is often strongly affected by the forming of P-Si precipitate 
structures close to the surface [11]. We therefore analyse our samples using both transmission and 
scanning electron microscopy. Typical precipitate structures are found on reference samples; however, 
the samples analysed here do not show evidence for precipitate formation near the surface. Thus it seems 
adequate to assume Auger recombination as the dominant recombination channel for samples where the 
supersaturated region has been removed. We consider four cases to model the SRV and the carrier 
recombination in the supersaturated region: 
• Case 1: The minority carrier lifetime in the supersaturated region τsat is limited by Auger 
recombination. This leads to a constant lifetime of τsat = τAug = 133 ps in the first 20 nm near the 
emitter surface. The SRV scales only with the electron concentration near the surface and thus is 
constant for the first 20 nm of emitter surface removal. It can be extracted from J0e values for samples 
with removed supersaturated region.  
• Case 2: The minority carrier lifetime in the supersaturated region is limited by Auger recombination, 
τsat = τAug = 133 ps. The SRV scales with the phosphorus surface concentration cPh,surf and is the only 
unknown parameter in the model. It can be extracted from the known J0e values and concentration 
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Fig 1. Chemical phosphorus concentration cPh profile from SIMS and 
calculated electron concentration n. The assumed activation limit of 
nactive = 2.38º1020 cm-3 agrees well with Rsheet measurements. In excess of 
the solubility limit cPh,sol = 3⋅1020 cm-3, phosphorus is precipitated [10] 
Fig 2. Process flow for the fabrication of symmetric 
emitter samples including characterisation steps 
278  A. Kimmerle et al. / Energy Procedia 8 (2011) 275–281
profiles. 
• Case 3: Similar to case 1, the SRV scales with the electron concentration near the surface. In contrast 
the minority carrier lifetime in the supersaturated region τsat is influenced by additional recombination. 
In a first crude assumption (3a) τsat is assumed to be constant. In a second approximation (3b) the 
additional recombination rate is assumed to be proportional to the local density of undissolved 
phosphorus (cPh - cPh,sol) giving 
 τsat = [1/τAug + A ⋅ (cPh – cPh,sol)]-1. (1)
For case 2 the extracted SRVs represent an upper limit and show a power law dependence on the 
chemical phosphorus surface concentration cPh,surf (Fig 3). We take the empirical fit-function from Ref [8], 
neglecting the first term since we only evaluate data for concentrations exceeding 4º1019 cm-3, yielding  
 S(cPh,surf) = Sp ⋅ (cPh,surf / 1019cm-3)γ. (2)
Table 2 shows the applied parameters. For cases 1 and 3 we consider only the extracted SRVs of not 
supersaturated samples. For cPh,surf > nactive a constant value of 1.6⋅105 cm/s is used (see Fig 3). 
Table 2. SRV of SiNx-passivated planar phosphorus-doped surfaces, parameters for Eq. (2) 
Parameter Case 2 Cases 1 and 3 only for (cPh,surf < nactive) 
Sp (cm/s) (47  12) º102 (30  1) º102 
γ 0.99  0.06 1.26  0.02 
Our results deviate from published data for SiNx-passivation [8] (not fired); however, this may partly 
originate from the applied firing step, allowing effective hydrogen passivation of the interface, and from 
the difference in stoichiometric composition of the different silicon nitride films. The obtained SRVs 
represent effective values, including a possible effect of surface charge, which is not considered in this 
work, but assumed to be negligible [8]. The power law fit (case 2) for concentrations exceeding the 
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Fig 3. SRV vs. phosphorus surface concentration for SiNx-
passivated planar surfaces. The data points are extracted from 
measured J0e assuming only Auger recombination in the emitter 
bulk. For cases 1 and 3, the parameterisation of the SRV 
considers only data of emitters without electrically inactive 
phosphorus. For comparison literature data is shown [8]. 
Fig 4. Measured (symbols) and simulated (lines) J0e with SRV-
fit from Fig 2, Eq. (2) for the four considered cases.  
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dopant activation limit [10] suggests that, assuming only Auger recombination in the emitter bulk, the 
SRV rather depends on the chemical phosphorus concentration than on the electron concentration. 
2.3. Discussion 
The fitted power law from Eq. (2) allows for the recalculation of J0e as a function of the removed layer 
thickness (Fig 4). 
• Cases 1 and 2: Assuming Auger-limited lifetime in the emitter bulk even for samples with high surface 
concentration and undissolved phosphorus the extracted SRVs suggest that the SRV depends on the 
chemical phosphorus surface concentration (case 2) rather than on the dissolved dopant or even 
electron concentration (case 1), which is an important distinction. The obtained SRVs have to be 
considered as an upper limit, since only Auger, radiative and constant low SRH recombination are 
included in the model. 
• Case 3: Assuming that the SRV scales only with electron concentration, a strong reduction of the 
carrier lifetime in the supersaturated region τsat is needed to reproduce the experimental data. In this 
case, the assumption of an additional recombination rate proportional to the local concentration of 
undissolved phosphorus (case 3b) yields a slightly better agreement to the measured J0e data than a 
constant reduced lifetime τsat in the supersaturated region (case 3a). The least squares fit give a 
proportionality factor A = 5.5⋅10-10 cm3/s  that lead to minority carrier lifetimes of 1.6 ps near the 
emitter surface in case 3b as well as a lifetime τsat = 7.5 ps (case 3a) which is far below the predicted 
Auger lifetime of 133 ps. 
 
After removing the supersaturated region (d > 21 nm) both parameterisations of the SRV together with 
the assumption of Auger-limited carrier lifetime provide the same behaviour as the measured J0e values: 
the saturation current J0e increases until it reaches a maximum at about d = 30 nm reflecting a maximum 
in the surface recombination current Jrec,surf = q p0 S (see Fig. 3 and 5) as predicted by F-D-statistics. For 
21 < d < 30 nm (2⋅1020 > cPh,surf > 7⋅1019 cm-3) p0 increases stronger than the power law for S decreases, 
whereas for d > 30 nm the decrease in S dominates Jrec,surf. It is worth mentioning that this qualitative 
behaviour could not be reproduced by the use of Boltzmann statistics and effective values, applying the 
same simple power law function (Eq. 2) for the SRV. 
3. Conclusion 
We present an analytical approximation for modelling highly phosphorus-doped emitters that shows very 
good agreement with numerical solvers. The analytical approach together with the simple power law fit 
for the SRV well describes the dependence of J0e on the etched layer thickness for an etch-variation of 0 
to 36 nm removal of emitter surface using F-D-statistics. Assuming only Auger-recombination in the 
supersaturated region, the extracted power-law dependence of the SRV on the chemical phosphorus 
surface concentration can be considered as an upper limit. Assuming a bulk recombination rate 
proportional to the concentration of undissolved phosphorus and a dependency of the SRV only on the 
electron surface concentration instead of the phosphorus concentration also shows good agreement with 
the given experimental data. Our results thus do not allow distinguishing between these two cases, but 
strongly support the assumption that either the SRV or the minority carrier lifetime in the supersaturated 
region or both are affected by the concentration of undissolved or electrically inactive phosphorus.  
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Appendix A. Fermi-Dirac statistics 
Modelling n-type emitter recombination strongly depends on the minority carrier density p0, which is 
calculated in equilibrium from the intrinsic carrier density ni with ni2 = n0p0. The intrinsic carrier 
concentration in the emitter is influenced by BGN and must be calculated applying Fermi-Dirac statistics 
[8]. We use a simple FD-statistics correction, taking care to converge with experimental values of ni for 
lower doped silicon ( ). For undoped silicon, yielding ni,0 = 9.65º109 cm-3 at T = 300 K [7], we use a 
temperature-parameterisation of ni,0 as proposed in Ref. [12]  
Fig 5
ni,0(T) = 1.589⋅109 cm-3 (T / 1K)1.706 exp(-Eg,0(T)/2kBT) (3)
In this work, we apply a temperature-dependent band gap of undoped silicon Eg,0(T) as well as the 
density of states NC = 2.86⋅1019 (T / 300K)1.58 cm-3 in the conduction band by Green et al. [13], Eq. (14) 
and (16). Including BGN and FD-statistics, this leads to the position of the electron Quasi-Fermi level Efn 
in respect to the edge of the conduction band for undoped silicon EC,0 
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EC,0 - Efn = ΔEC - kBT F1/2-1(n/NC) (5)
and the intrinsic carrier density [8] 
ni2 = ni,02 F1/2([Efn – EC,0 + ΔEC]/kBT) / exp(-[EC,0 – Efn]/kBT) ⋅ exp(ΔEV/kBT) 
     = ni,02 ⋅ n/NC ⋅ exp([EC,0 – Efn]/kBT) ⋅ exp(ΔEV/kBT) (6)
with ΔEC and ΔEV being absolute values from the full random phase BGN model of Schenk [6]. To 
evaluate the inverse Fermi integral F1/2-1 from Eq. (5), any analytical approximation as well as numerical 
solvers may be used.  
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Fig 5. Hole density vs. electron concentration of highly n-doped silicon at thermal equilibrium calculated with Boltzmann and 
Fermi-Dirac statistics. The FD statistics converges with Boltzmann values for lowly doped silicon by construction. Boltzmann 
statistics overestimates the hole density significantly in highly doped silicon. 
